The in vitro and in vivo antioxidant activities and its potential to protect against amyloid-β toxicity of essential oils from Zelkova serrata (Thunb.) Makino were investigated in the model organism Caenorhabditis elegans. The results revealed that the essential oil of Z. serrata heartwood exhibited great radical scavenging activities and high total phenolic content. In vivo assays showed significant inhibition of oxidative damage in wild-type C. elegans under jugloneinduced oxidative stress and heat shock. Based on results from both in vitro and in vivo assays, the major compound in essential oil of heartwood, (-)-(1S, 4S)-7-hydroxycalamenene (1S, 4S-7HC), may contribute significantly to the observed antioxidant activity. Further evidence showed that 1S, 4S-7HC significantly delayed the paralysis phenotype in amyloid beta-expressing transgenic C. elegans. These findings suggest that 1S, 4S-7HC from the essential oil of Z. serrata heartwood has potential as a source for antioxidant or Alzheimer's disease treatment.
Essential oils display a variety of bioactivities [1, 2] . The genus Zelkova (Ulmaceae) comprises six species found in three regions of the northern hemisphere [3] . Zelkova serrata (Thunb.) Makino is a hardwood species native to Taiwan. The ethanolic extract of Z. serrata heartwood exhibited antimicrobial and antioxidant activities [4] . The active component, 7-hydroxy-3-methoxycadalene, reduces the incidence of oxidative stress-related lung tumors in A/J mice [5] while the twig extract selectively induces apoptosis in human oral carcinoma cells [6] . However, to the best of our knowledge, there are no reports on antioxidant activities of essential oils from Z. serrata.
Alzheimer's disease (AD) is a common neurodegenerative disorder among the aged, and represents over 60% of world dementia cases [7] . General symptoms for AD patients often include short-term memory loss at early stages and severe cognitive and physical disorders in later stages. Currently, acetylcholinesterase or Nmethyl-D-aspartate (NMDA) receptors are the two main targets for treatment of AD [8] . Only a few medications such as donepezil, galantamine, rivastigmine, and memantine have been approved for treating moderate to severe AD [8, 9] . However, currently there is no practical approach for preventing progression of AD [9] .
There is a strong association of oxidative stress and age-related Alzheimer's disease [10] . The amyloid cascade hypothesis assumes that depositions and accumulations of amyloid β-peptide (Aβ) result in significant neurotoxicity [11] . Hence, antioxidants may be a strategy to reduce Aβ-induced neurotoxicity. Caenorhabditis elegans is a well-known model organism in research for various human diseases [12] . C. elegans has also been employed widely to examine the resistance to oxidative stress [12] [13] [14] . In particular, C. elegans has been utilized to investigate the protective effects of antioxidants on Aβ-induced toxicity [15, 16] . The established transgenic C. elegans models based on the amyloid cascade hypothesis are suitable tools for investigating AD [17] . The induction of human Aβ expression in a transgenic C. elegans leads to significant pathological changes and enables a rapid assessment for drug discovery [17] .
The aim of this study was to evaluate the antioxidant potential of essential oils from three plant parts of Z. serrata using in vitro assays. The protective effects of these essential oils and their major components against oxidative stresses and Aβ-induced toxicity in C. elegans were also determined.
The antioxidant activities of essential oils from three plant parts of Z. serrata are shown in Table 1 . The essential oils of heartwood (HE) and sapwood (SE) were best able to scavenge DPPH (2,2diphenyl-1-picrylhydrazyl) radicals with IC 50 values of 36.0 μg/mL and 83.5 μg/mL, respectively. Similarly, HE exhibited the strongest activity in scavenging of ABTS (2,2′-azino-bis-3ethylbenzthiazoline-6-sulphonic acid) radicals with the TEAC value of 1.29 mmol of trolox/g, followed by SE (0.82 mmol of trolox/g). . Catechin was used as positive control for DPPH assay with an IC 50 value of 1.9 ± 0.0 μg/mL. Quercetin was used as positive control for ABTS assay with TEAC value of 9.0 ± 0.9 mmol of trolox/g. HE: essential oil of heartwood; SE: essential oil of sapwood; BE: essential oil of bark
The total phenolic contents of the three essential oils were also determined. The highest level of total phenolic compounds was obtained in HE (Table 1) . SE contained a low concentration of phenolic compounds while the essential oil of bark (BE) had much lower level. The results obtained were consistent with previous findings that antioxidant activities correlated well with total phenolic contents for most of the samples [18] . Numerous essential oils from herbs, such as Thymus vulgaris [2] , Nigella sativa [19] , and Heracleum species [20] , showed lower activities than HE from Z. serrata. In addition, various essential oils from woods, including Aniba canelilla [21] , Tetraclinis articulata [22] , and Santalum album [23] , also had lower or similar antioxidant activities in comparison with HE from Z. serrata. Accordingly, the essential oil from the heartwood of Z. serrata possessed excellent antioxidant activities and was thereby selected for further evaluation of antioxidant properties.
The wild-type C. elegans (N2 strain) was employed to evaluate the protective effects of HE against oxidative stress and heat stress in vivo. In the oxidative stress assay, C. elegans was treated with 1 and 10 μg/mL of HE or control solution (0.1% DMSO) from first larval stage (L1) to adult and then exposed to 250 μM juglone for 2.5 h. HE treatments of 1 and 10 μg/mL increased markedly the survival of nematodes when compared with the control (p < 0.05 and p < 0.01, respectively, Figure 1A ). In the heat shock stress assay, nematodes with or without HE treatments were incubated at 35°C for 7 h. Figure 1B shows that HE treatments of 1 and 10 μg/mL were apparently able to increase heat stress resistance when compared with the control (p < 0.01 and p < 0.001, respectively). There were no significant differences between the two treatments under both stress conditions ( Figure 1 ). Taken together, the results confirm that the HE from Z. serrata can function as an antioxidant both in vitro and in vivo. The aqueous extract from fruits of Euterpe oleracea showed in vitro antioxidant activity and protected C. elegans under oxidative stress only but not heat stress [24] . This can be explained by multiple factors which influence antioxidant efficacy in vivo, such as absorption, metabolism, bioavailability or interactions among phytochemicals [25] . Results of GC/MS analysis ( Figure 2A ) revealed one major compound present in HE from Z. serrata which was purified using HPLC, and identified as (-)-(1S, 4S)-7-hydroxycalamenene (1S, 4S-7HC, Figure 2B ) by NMR, MS and optical rotation. The content of 1S, 4S-7HC in Z. serrata was 813.7 ± 33.7 mg/g of HE. 1S, 4S-7HC showed antioxidant activities for scavenging DPPH radicals ( Figure  3A) with an IC 50 value of 185.6 μM (40.5 μg/mL) and for ABTS radicals with TEAC value of 0.68 mM trolox/mM. The IC 50 value for DPPH radicals was consistent with literature data [26] . Additionally, nematodes treated with 3 and 30 μM of 1S, 4S-7HC exhibited higher survival than that of the control under oxidative ( Figure 3B ) and heat stress ( Figure 3C ). There were no significant differences between the two treatments under both stress conditions ( Figures 3B and 3C ). These results indicated that 1S, 4S-7HC contributes greatly to antioxidant activities of HE from Z. serrata. Moreover, there were also no significant survival differences between HE and 1S, 4S-7HC treatments under both stress conditions. 7-Hydroxycalamenene (7HC) was first chemically synthesized in 1964 [27] , and also found in various natural resources, including liverworts [28, 29] , ferns [30] , herbs [31] , and woody plants [32, 33] . Although 7HC is widespread among Ulmus species (Ulmaceae) [32] , it is reported herein for the first time in the genus Zelkova (Ulmaceae). Several studies have demonstrated that 7HC presented antimicrobial activities [26, 29, 33] . It is notable that the essential oil from leaves of sacaca (Croton cajucara) is also rich in 7HC and possesses in vitro antioxidant activities [26] . Even though the yield of HE from Z. serrata (0.40%) was low in comparison with that from sacaca (0.65%), the content of 7HC in HE from Z. serrata (813.7 mg/g of HE) was nearly twice that from sacaca (approximately 30%) [26] . Moreover, the present results indicate for the first time that 7HC could act as a potential antioxidant in vivo.
In view of the aforesaid results, there is a great interest in the potential of 1S, 4S-7HC for treating Alzheimer's disease. In this study the transgenic C. elegans CL4176 strain expressing the human Aβ in the body wall muscle cells used by Drake et al. [34] was employed to evaluate the protective effects of 1S, 4S-7HC against Aβ toxicity in vivo. The results showed that nematodes treated with control solution exhibited 100% paralysis after 44 h of Aβ induction ( Figure 4A ) , while those treated with 1S, 4S-7HC were partially nonparalyzed (around 13% for both treatment groups, Figure 4A ). Additionally, treatments of 1S, 4S-7HC could lead to prolonged periods of paralysis (47 h, Figure 4A ). The log-rank test was further employed to evaluate the significance of the full time courses between the control and treatment groups. The results indicated that 3 and 30 μM of 1S, 4S-7HC treatments were significantly different from the control (both at p < 0.001, log-rank test, Figure 4A ). There was no difference between curves of 1S, 4S-7HC treatments (p = 0.898, log-rank test). Taken together, these results indicated that 3 μM (0.65 μg/mL) 1S, 4S-7HC is sufficient to alleviate paralysis in CL4176 C. elegans.
There is a strong link between oxidative stress and accumulation of amyloid β-peptide [35] . To determine whether antioxidant properties of 1S, 4S-7HC contribute protective effects against Aβ-induced toxicity, the endogenous reactive oxygen species (ROS) levels in CL4176 nematodes were also examined. Transgenic C. elegans (CL4716 strain) were treated with or without 1S, 4S-7HC, prior to induction of Aβ-expression, followed by measurement of ROS levels in the nematodes. Figure 4B represents the fluorescence intensity in transgenic C. elegans after 38 h of Aβ induction. As can be seen, fluorescence intensities in CL4176 nematodes treated with 1S, 4S-7HC were significantly lower than those in the control group (p < 0.05, Figure 4B ). There was no difference between the two treatment groups, with results similar to those obtained from the paralysis assay as described in Figure 4A . These findings provide further evidence that decreased Aβ toxicity by 1S, 4S-7HC can be related to its antioxidant activities.
Reactive oxygen species are generated by the amyloid β-peptide fragment before paralysis [16] . In the present study, the fluorescence intensities in transgenic CL4176 C. elegans treated with 1S, 4S-7HC were not significantly different from those of the control after 36 h of Aβ induction (data not shown). Furthermore, lipid peroxidation induced by soluble Aβ leads to protein oxidation [35] , indicating that radicals are present in both cytosol and the lipid bilayer. 1S, 4S-7HC possesses scavenging activities against lipidsoluble DPPH radicals as well as water-soluble ABTS radicals. Although 1S, 4S-7HC exhibits water-and lipid-soluble antioxidant characteristics, it is more important to consider its bioavailability in C. elegans.
Nematodes treated with 1S, 4S-7HC (0.65 and 6.54 μg/mL) showed significant reduction of oxidative stress in both wild-type and transgenic CL4176 strains. These findings indicated that the antioxidant effects of 1S, 4S-7HC are nonspecific to Aβ expressions. Interestingly, not all antioxidants show similar effects in nematodes. Ginkgolide A and J (10 μg/mL), constituents of EGb 761, were found to significantly delay paralysis, but only ginkgolide A showed a significant reduction of ROS levels in CL4176 nematodes [36] . Gutierrez-Zepeda et al. [16] reported that among the soy-derived isoflavones, only glycitein (100 μg/mL), not genistein and daidzein, alleviated Aβ expression-induced paralysis in transgenic C. elegans and the activity of glycitein was correlated with a reduced level of hydrogen peroxide in transgenic C. elegans. By contrast, ascorbic acid decreased ROS levels but not suppress paralysis [36] . This suggests that antioxidant activity is not the only strategy to reduce Aβ-induced toxicity. Possible mechanisms to explain these observations include inhibition of total Aβ production, changes in the secondary structure of the Aβ protein, reduction of Aβ oligomerization, or inhibition of amyloid deposition [36, 37] . In addition, 1S, 4S-7HC required lower concentrations than ginkgolide A and glycitein to exert a protective effect against ROS. Although the detailed mechanisms remain to be clarified, treatments of 1S, 4S-7HC resulted in delayed paralysis, suggesting the great potential of 1S, 4S-7HC for treating Alzheimer's disease.
In conclusion, the essential oil and (-)-(1S, 4S)-7-hydroxycalamenene from Zelkova serrata heartwood exhibited potent radical scavenging activities in two in vitro systems. Additional results from in vivo studies also indicated that both significantly protected C. elegans against stress conditions. Furthermore, (-)-(1S, 4S)-7-hydroxycalamenene possessed protective effects against Aβinduced toxicity in CL4176 nematodes, which may be associated with its antioxidant activities. These findings suggest a therapeutic potential of (-)-(1S, 4S)-7-hydroxycalamenene for Alzheimer's disease. 
Experimental

General experimental procedures:
Extraction and identification of compounds:
The essential oils of air-dried samples were obtained by hydrodistillation in a Clevengertype apparatus for 6 h. The essential oils were stored in vials at 4 °C until analysis and antioxidant activity assays. Mass spectra were operated in electronic ionization (EI) mode at 70 eV, with a scan mass range of 50-400 m/z. Helium was used as a carrier gas at a flow rate of 1 mL/min in 1:10 split ratio, and coupled with a DB-5ms column (30 m × 0.25 mm × 0.25 μm, J&W Scientific, Folsom, CA, USA). The injector and detector were maintained at 280 °C and 250 °C, respectively. The oven temperature was held at 150 °C for 1 min, then increased to 280 °C at 5 °C/min, and finally held at 280 °C for 5 min. The essential oil of Z. serrata heartwood was subjected to semi-preparative HPLC eluted with 10% ethyl acetate in n-hexane at 3 mL/min to give one compound (t R = 10.2 min). Quantifications of (-)-(1S, 4S)-7-hydroxycalamenene were performed on GC/flame ionization detection (GC/FID, Agilent Technologies, Santa Clara, CA, USA) coupled with a DB-5 column (30 m × 0.25 mm × 0.25 μm, J&W Scientific). Helium was used as a carrier gas at a flow rate of 1 mL/min in 1:20 split ratio. The injector and detector were maintained at 250 °C and 260 °C, respectively. The oven temperature was held at 150 °C for 1 min, then increased to 200 °C at 10 °C/min, finally increased to 250 °C at 30 °C/min and held for 5 min.
In vitro antioxidant activities and total phenolic content:
The antioxidant activities of essential oils and compounds were determined using DPPH (2,2-diphenyl-1-picrylhydrazyl) radical and ABTS (2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) radical scavenging methods [39] . Catechin and quercetin were used as positive controls, respectively. In DPPH assays, results were given as inhibitions (%) at different concentrations or IC 50 values (concentrations achieving 50% inhibition). In ABTS assays, results were presented as trolox equivalent antioxidant capacity (TEAC) in millimoles of trolox per gram of sample (mmol/g). The total phenolic content was determined using the Foline-Ciocalteu's reagent as previously described [39] . Results are expressed as gallic acid equivalent (GAE) in milligrams per gram of sample (mg/g).
Nematode strains and maintenance:
Unless otherwise stated, the maintenance of C. elegans was performed according to Brenner [40] . The worm strains used in this study were purchased from the Caenorhabditis Genetics Center (CGC; University of Minnesota). Bristol N2 (wild-type) nematodes were maintained on nematode growth medium (NGM) plates with Escherichia coli (OP50 strain) as a food source at 20 °C unless otherwise stated. Nematodes were synchronized by hypochlorite treatment of gravid adults, and eggs were hatched overnight in liquid S-basal at 20 °C. CL4176 (smg-1ts[myo-3/Aβ 1−42 long 3′-UTR]) nematodes were maintained and propagated at 16 °C unless otherwise stated.
Oxidative stress resistance assays in C. elegans: Oxidative stress resistance assays were performed with wild-type (N2 strain) C. elegans. Synchronized L1 larvae were treated with essential oils,
